In this paper, a general numerical homogenisation scheme coupled with an efficient modelling strategy for predicting the effective thermoelastic properties of cork-based agglomerates is presented. In order to generate a realistic representation of the geometry and distribution of particles for the representative volume element of the agglomerate at the mesoscopic scale, a general parametric model based on the Voronoi's tesselation has been developed. However, the classical algorithm for Voronoi's tesselation has been enhanced by adding a full parametrisation of the representative volume element. The grains composing the representative volume element are generated by considering the full set of design variables involved at this scale, i.e. the material properties of the constitutive phases (grains and matrix) and the main geometric parameters related to the grain (volume fraction, average diameter, geometric and material orientations). Numerical results show that the macroscopic effective thermoelastic properties of the cork-based agglomerate are strongly affected by the previous parameters in perfect agreement with experimental results available in literature.
Introduction
The research on high-performance materials plays a role of primary importance for many industrial applications. Nowadays, society is aware of environmental issues and themes as sustainability and recyclability are commonly discussed in industry and academia. The general aim is to reduce the environmental impact due to human activities. One of the main objectives is replacing synthetic and non-renewable materials used for specific applications by natural and renewable materials with similar or even better properties. In the last few decades, among natural, renewable and biodegradable materials, cork has attracted the attention of many researchers and companies thanks to its remarkable properties.
Cork is one of the lightest wood with excellent thermal and acoustic insulation capability suitable to be exploited in many existing applications from construction to aerospace field.
Cork is extracted from the outer bark of Quercus Suber L. and exhibits a honeycomb-like microstructure, as shown in Figures 1 and 2 , composed of closed cells filled with an air-like gas which represents up the 85%-90% of the total volume. 2 Thanks to its low density, which varies between 120 and 240 kg/m 3 , and chemical composition (the suberin and the lignin are the two main components), [3] [4] [5] it is a potential candidate for lightweight applications, impermeable to gases and liquids with outstanding acoustic and thermal insulation properties. Furthermore, as a consequence of its viscoelastic behaviour and compressibility, it shows a good damping capability. 6, 7 The mechanical behaviour of cork can be considered roughly transversely isotropic. 6 The high variability of density, porosity and chemical composition in the cork planks (which are strongly affected by the geographical location of cork production) explains the natural variability of its macroscopic mechanical properties. 3, 8 In particular, density and porosity are the main parameters influencing the mechanical behaviour of cork. General properties of cork are summarized in Table  1 . A review on cork and its application can be found in the study by Pereira. 2 Cork products can be classified in two main categories: natural cork and cork-based agglomerates or composites. The first category does not introduce additional process besides elaboration, cutting and finishing. Instead, cork-based composites are usually obtained by the compression moulding process in which a mixture of cork granules and a polymeric binder (polyurethanes resins, phenol-formaldehyde resins, etc.) is compressed in a mould cavity by a hydraulic press (the pressure level depends on the final density sought). Afterwards, the mould is placed in an oven at temperatures between 100 C and 150 C for a period from 1 to 20 h to guarantee a convenient curing stage. 2 Next, the agglomerate is unmoulded and subject to cooling/stabilisation. The result of this process is the cork-based agglomerate in the form of parallelepipedic blocks that subsequently are laminated to get the desired dimensions. 2 Cork-based composites are used in several applications such as, for example, cork stoppers, floor coverings and heat engine seals. They can also be utilised in multilayer plates (e.g. the core of sandwich panels). Cork-based composites exhibit a viscoelastoplastic behaviour similar to that of the natural cork. 2, 13, 14 The typical compressive stress-strain curve shows a behaviour common to hyper-elastic materials. Generally, for small values of the strain, cells tend to bend elastically through a process fully reversible as illustrated in Figure 3 . Figure 2 . Microstructure of the cork observed by scanning electron microscopy: radial (a), axial (b) and tangential section (c), the pictures are taken from the study by Pereira. Figure 3 . Stress-strain curve in compression for the corkbased composite AC216.
13
On the other hand, the tensile behaviour of corkbased composites is quite different from the compression one. In particular, a typical tensile stress-strain curve shows a behaviour similar to that of cellular materials. 15 Furthermore, cork-based agglomerates exhibit a thermal insulation capability which is very close to that of the natural cork. In fact, the cellular microstructure of cork, composed of a large amount of air-like gas, allows having an agglomerate with a low thermal conductivity that can be exploited for several applications. An exhaustive review on cork-based composites and their applications can be found in the study by Gil. 16 The thermomechanical properties of cork-based composites depend on the main design and process parameters as the quality, the density, the size and the fraction of cork particles in the mixture, the type and the quantity of polymeric binder, the manufacturing process (pressure and temperature) and the overall packing density. 13, [17] [18] [19] [20] [21] [22] The main properties of some cork-based agglomerates available in literature are reported in Table 2 .
Some studies have been conducted to experimentally investigate the influence of the main design parameters on the properties of cork-based composites.
Jardin et al. 13 have shown, by testing different types of cork-based composites, that the overall density, the grain size and the binder type have a clear influence on the mechanical behaviour of the composite. In particular, the higher the relative density of the agglomerate, the higher the Young's modulus.
Castro et al. 23 studied the opportunity to exploit cork-based composites as a core material for sandwich components. Bending tests on different core materials, as synthetic foams, commercial cork-based agglomerates and cork-epoxy agglomerates, have shown that by adjusting parameters such as the cork grains average size, type of resin and density, it is possible to control the performances of the sandwich components depending on the considered application. In particular, corkepoxy agglomerates, compared with other core materials, are characterised by a higher shear stress limit. Thermal conductivity tests have revealed that corkepoxy agglomerates show good thermal insulation properties, similar to synthetic foams. Moreover, the lower the relative density, the lower the thermal conductivity of the agglomerate.
Santos et al. 21, 22 have designed, produced, tested and compared different cork-based composites in order to obtain a suitable combination of thermal and mechanical properties. In particular, they compared composites with same density, type and percentage of binder but different grain size in order to assess the influence of this last parameter. Results show that it is possible to tailor mechanical properties by changing design parameters, e.g. the type of binder, in order to delay the densification stage or to have a larger plateau with higher deformations. Furthermore, experimental results concerning thermal conductivity and specific heat show that the thermal behaviour of cork-based composites is not considerably influenced by some parameters as the grain size, room temperature, type and percentage of resin. Conversely, density of corkbased composites strongly affects the thermal properties.
As it clearly appears from this non-exhaustive literature survey (and also to the best of the authors' knowledge), the influence of the main design and process parameters of cork-based composites on it's macroscopic behaviour is often evaluated through experimental tests. In this background, no systematic approach which aims at studying the influence of the full set of the main design and process parameters involved at different scales on the macroscopic thermal and elastic behaviours of cork-based agglomerates has been proposed yet. The aim of the present work is to propose a general (and efficient) multi-scale numerical homogenisation procedure capable of determining the effective (or apparent) thermal and elastic properties of cork-based agglomerates. The goal is the determination of the equivalent macroscopic behaviour of the corkbased composite starting from the behaviour and arrangement of its constituents in order to replace the real heterogeneous material with a fictitious homogeneous medium.
The strategy proposed in this work is focused on the transition from mesoscopic scale (i.e. the scale of the components of the cork agglomerate, the cork particles 24 and, on the other hand, on the strain energy homogenisation technique of periodic media presented in the previous studies. [25] [26] [27] [28] [29] [30] In particular, as far as the VT algorithm is concerned, two affine transformations (i.e. a homothety followed by a local rotation of each grain) have been added in order to closely reproduce the corkbased composite RVE structure at the mesoscopic scale.
The RVE of the cork-based agglomerate is generated in order to take into account the randomness of both the grain geometric and material frame orientations. The sensitivity analysis of the thermal and elastic properties to both the matrix volume fraction and the cork particle size variability has been conducted. In addition, the effectiveness of the proposed modelling strategy is proven through a meaningful comparison with experimental data taken from the literature. 14 Furthermore, concerning elastic properties, the degree of anisotropy of the equivalent homogeneous material has been evaluated through the numerical approach presented in the study by Catapano and Jumel. 26 The paper is organized as follows: the description of the problem and the FE-based homogenisation method are presented in "Homogenisation of mechanical and thermal properties" section. The parametric model for the generation of the meso-structure and the related two-dimensional (2D) FE model for numerical homogenisation are illustrated in "Semi-realistic FE models for numerical homogenisation" section. The sensitivity analysis is detailed in "Numerical study" section. The comparison between numerical and experimental results is presented in "Case study" section. Finally, "Conclusions and perspectives" section ends the paper.
Homogenisation of mechanical and thermal properties
Several analytical, experimental and numerical methods can be found in literature for the prediction of elastic and thermal properties of heterogeneous materials, each one showing a different level of sophistication.
Analytical models are often based on simplifying assumptions hypotheses and semi-empirical equations. For instance, the Einstein's equations 31, 32 predict the Young's modulus of particulate-polymers composites using a linear function of the particle volume fraction (V p ) without considering the effect of the inclusions size and the interaction between the matrix and the particles. In order to improve the estimation of the Young's modulus, more elaborated theories have been developed. [33] [34] [35] [36] Among analytical theories for homogenisation of elastic properties of composites, the Reuss-Voigt's Lower (RV-LB) and Upper (RV-UB) Bounds 37, 38 and the Hashin-Shtrikman Lower (HS-LB) and Upper (HS-UB) Bounds 39 have been developed to determine a range of existence of the elastic moduli, rather than a single value. Successively, these models have been adapted for determining also the thermal conductivity of composites. 40 However, the previous models can predict only the influence of the material properties of the constitutive phases and of the inclusions volume fraction on the final macroscopic behaviour of the composite, without integrating the effect of other relevant variables like the shape of the inclusions.
More sophisticated models and theories such as the Eshelby's model, 41 the Mori-Tanaka model, 42 the SelfConsistent Scheme 43 and the Lielens' model 44, 45 are able to take into account the influence of the shape of the particles on the macroscopic behaviour of the composite. Many analytical models have been also developed for the prediction of thermal expansion coefficients of composites, each of one with a different degree of complexity as the model of Schapery (SC), 46 Chamberlain, 47 Chamis (CH), 48 Rosen and Hashin. 49 However, all these analytical models are characterised by a common strong limitation: the effect of localised fields (stress, strain or temperature) on the macroscopic behaviour is not taken into account. In order to go beyond the limitations of the analytical models, numerical homogenisation techniques have been developed. FE-based models are very general and, depending on the degree of refinement of the model, they can lead to more realistic solutions. Furthermore, they can be a valid support for experimental tests. Indeed, numerical results can orient the types of experimental tests to be conducted and inversely, the experimental results can validate the numerical model, thus reducing the number of tests, with a consequent reduction of time and costs.
In this work, a general FE model of the cork-based composite RVE is developed. The aim of the proposed modelling strategy is to closely reproduce the real meso-structure of the agglomerate. Therefore, a suitable parametric FE model integrating the main features of the cork-based composite has been conceived.
In particular, the FE model of the RVE has been parametrised in terms of the particles shape and size, particles (random) orientation, particles arrangement within the matrix and particles anisotropy as well. It is noteworthy that cork-based composites show a highly random meso-structure, especially in terms of the geometrical arrangement of the particles as well as their shape and orientations (both geometrical and material). Therefore, cork-based composites do not show a periodic meso-structure. In this work, the homogenisation method is applied on an RVE sufficiently large in order to be representative of the macroscopic behaviour of the real composite. Moreover, no hypotheses are made on the type of elastic symmetry of the resulting homogenised material. Indeed, the kind and degree of elastic symmetry (e.g. isotropic, cubic, etc.) will be determined analysing, at a later stage, the components of the stiffness tensor of the homogenised material.
The homogenisation procedure is applied to a 2D FE model of the agglomerate RVE under plane strain assumption. In this framework, the effective elastic and thermal properties of the cork-based composite are determined under the following hypotheses:
• linear elastic and thermal behaviours for the material of the constitutive phases and; • perfect bonding for the wall-to-wall contact between matrix and particles.
FE-based homogenisation of elastic properties
The effective properties of the cork-based composite are determined using the strain energy homogenisation technique of periodic media. 25, 26 This method is based on the assumption that both the RVE of the periodic heterogeneous structure and the corresponding volume of the equivalent homogeneous medium undergo the same deformation having, hence, the same strain energy. Using Voigt's notation, for plane strain hypothesis (e z ¼ e r ¼ e q ¼ 0), the generalised Hooke's law of the homogeneous medium is 
where e and r are, respectively, the averaged strain and stress vectors referred to the equivalent continuum after homogenisation of the RVE. The components of the compliance matrix B are expressed under the plane strain field assumption. 50 The converse relation of equation (1) 
where Q is the in-plane stiffness matrix under plane strain assumption, with B ¼ Q -1 . In order to determine the in-plane stiffness matrix of the homogeneous material at the upper scale, a set of periodic boundary conditions (PBCs) must be applied to the RVE. This can be achieved by imposing suitable constraint equations on each couple of homologous nodes belonging to the opposite faces of the RVE.
Consider a square RVE of side L, as illustrated in Figure 4 : the set of PBCs can be expressed as uð0; yÞ À uðL; yÞ ¼ u x e x uðx; 0Þ À uðx; LÞ ¼ u y e y
where u is the displacement vector, while e x and e y are the unit vectors along x and y axes, respectively. u x and u y are arbitrary displacements imposed on the RVE. Therefore, the components of matrix Q can be determined column-wise by applying the arbitrary displacements listed in Table 3 . These boundary conditions (BCs) correspond to three static analyses wherein the strain tensor is characterised by only one component at time different from zero. The components of Q can be determined from the average strain and stress fields inside the RVE due to the application of PBCs 
In the previous equation, the average stress field is computed as
where ARVE is the area of the RVE; whilst the average strain components can be expressed as
where U x and U y are the imposed displacements listed in Table 3 . The flowchart of the numerical homogenisation procedure adopted in this work is illustrated in Figure 5 . The entire computational procedure is driven by a Python script interfaced with the FE model built into the ANSYS environment. The user sets the input data concerning the composition of the cork-based composite (i.e. particle average size, particles volume fraction, etc.) as well as the mechanical and thermal properties of its components (elastic constants, density, thermal conductivity and expansion coefficients).
Once the RVE geometry is generated in Python, all of the geometric and material data are passed to the ANSYS code in order to build the FE-model of the RVE and run the numerical homogenisation analyses. The results are then post-processed in Python.
FE-based homogenisation of thermal properties
Analogously to the strain energy homogenisation technique, also effective thermal conductivity and expansion coefficients can be evaluated through the numerical approaches based on the FE method. 51, 52 Concerning thermal conductivity coefficients of the composite, once the FE model of the RVE is generated, the following PBCs must be applied to the opposite faces of the FE model
where rT represents the arbitrary temperature gradient to be imposed to the RVE. Then, two steady-state thermal analyses are performed on the FE model, by considering the BCs listed in Table 4 .
Once the steady-state thermal analyses are solved, the components of the average heat flux per unit line can be determined as
The effective thermal conductivity tensor components K ab can be calculated column-wise (tensor notation) as follows
; with a; b ¼ x; y
The effective coefficients of thermal expansion (CTEs) can be evaluated through two different methods. In the first one (ME1), 53 only a static analysis is necessary. A uniform temperature field DT is applied to Figure 5 . Flowchart of the numerical homogenisation procedure. RVE: representative volume element; PBCs: periodic boundary conditions; FE: finite element. the entire RVE together with the following BCs (as illustrated in Figure 6 ):
uðx; 0Þ Á e y ¼ 0; uð0; yÞ Á e
The previous BCs are imposed in order to obtain a pure extension deformation of the RVE. Then, the effective CTEs a ij (tensor notation) can be calculated as follows
In the second method (ME2), 52 a uniform temperature field DT ¼ 1 C is applied to the entire FE model along with the following PBCs uð0; yÞ À uðL; yÞ ¼ 0 uðx; 0Þ À uðx; LÞ ¼ 0
The PBCs of equation (12) generate a total strain field equal to zero. Therefore, using the DuhamelNeumann thermo-elastic law, the equivalent CTEs of the resulting homogeneous medium can be expressed as follows (Voigt's Notation)
Semi-realistic FE models for numerical homogenisation
The FE model has been built using an ad-hoc computational procedure that corresponds to the "generation of the structure at the mesoscopic scale" step of the flowchart presented in Figure 5 . In order to obtain a semi-realistic meso-structure of the cork-based composite, some aspects of fundamental importance needs to be considered. The first aspect is the variable polygonal shape of cork particles that show multiples facets and sharp angles. Moreover, cork particles exhibit transversely isotropic mechanical behaviour, whose material and geometrical frames are randomly oriented within the meso-structure. All these points have been integrated in the algorithm coded in Python environment which aims at generating a meso-structure of the cork-based agglomerate close enough to the real one.
Generation of the meso-structure: Parametric model
The parametric model of the agglomerate mesostructure essentially relies on the VT algorithm. The choice of the VT for representing the geometry of the meso-structure is the most natural one when looking at the true structure of the cork-based composite shown in Figure 7 . By properly calibrating the parameters of the VT algorithm, it is possible to obtain different configurations of the meso-structure. However, as it can be seen from Figure 7 (b), the cork particles are not always arranged according to the Voronoi's configuration but sometimes they are overlapped. Moreover, cork particles show a transverse isotropic elastic behaviour which must be taken into account along with their random arrangement within the agglomerate. All of these aspects are of paramount importance to obtain a semi-realistic meso-structure of the agglomerate. Therefore, classical VT algorithm has been extended by implementing the following features.
Random geometric orientation of cork particles. Polygons generated through the VT are rotated around their centre of mass by a random angle to obtain particles without parallel adjacent facets. As shown in Figure 8 , the rotation of polygons is carried out through the algorithm described here below. i.e. S k ¼ i 1 ; . . . ; i nk ð Þ . Let n k be the total number of polygons belonging to S k . Set the slack variable j ¼ 1. 5: Check intersection between polygons k and i j . If intersection occurs go to point 6, otherwise go to point 7. 6: h kh and go to point 5. 7: j ¼ j þ 1. If j < n k go to point 5, otherwise continue. 8: The initial polygon is replaced by the rotated one. 9: k ¼ k þ 1. If k < N p go to point 3, otherwise continue. 10: Generate the RVE with rotated polygons.
Random material frame orientation of cork. Cork has an anisotropic mechanical behaviour and it can be considered roughly as a transversely isotropic material, as discussed in the study by Gibson et al., 6 where average values of the elastic moduli were evaluated on different cork specimens, as reported in Table 6 (the elastic properties were evaluated according to the frame illustrated in Figure 1 ). Technical elastic constants E ci , G cij and cij (with i,j ¼ 1,2,3) are, respectively, the Young's moduli, the shear moduli and the Poisson's ratios of cork in the reference frame {0; x 1 , x 2 , x 3 }.
In order to take into account the random orientation of the material frame of each particle of cork, with respect to the global frame {0; x, y, z} of the 2D mesoscale FE model, an arbitrary three-dimensional (3D) rotation of the material frame is applied. For a transversely isotropic material, the 3D stiffness matrix C can be written as follows where
The 3D rotation of the material frame is described using Euler's angles w, b and c. 56 The stiffness matrix in the rotated frame is expressed as
where R is the rotation matrix described in the study by Vannucci. 57 The technical elastic constants, to be assigned to a cork particle in the 2D FE model, are the constants get by the matrix ½C 0 in the rotated frame considering only the components in the global reference plane x -y due to the plane strain hypothesis. Generation of the agglomerate RVE: The algorithm. The flowchart of the algorithm developed for the generation of the agglomerate RVE is shown in Figure 9 . The main steps charactering such an algorithm are described here below.
1. N points are randomly generated within one eight of the overall RVE volume. A minimum distance D min between two points is defined in order to delete and regenerate points placed at a distance lower than D min . 2. The volume generated at the first step is duplicated eight times and translated along six different directions (top, bottom, right, left, and along two main diagonals) in order to ensure the periodicity of points belonging to the RVE boundary. 3. The polygons are created using the VT algorithm. 4. A scaling factor is applied to all the polygons in order to reduce their dimensions and create voids that will be filled by the matrix (resin). The scaling factor is directly related to the matrix volume fraction. 5. Particles are rotated by means of the Algorithm 1.
This new feature allows generating a geometrical meso-structure of the RVE which is closer to the real one. 6. The material frame of each particle is randomly turned and the material properties of each particle are defined in this frame.
The FE model
The FE model of the cork-based composite RVE has been built into the ANSYS V R environment. The geometry is parametrised and generated in Python by means of the algorithm presented in the previous section and then passed to the ANSYS environment in order to carry out the required FE analyses. For the structural static analyses, the six-node plane quadratic triangular element PLANE 183, with two degrees of freedom per node, has been used. While for the steady-state thermal analysis the six-node plane quadratic triangular element PLANE 77, with a single degree of freedom, i.e. the temperature, at each node, has been used. Furthermore, for mechanical analyses, the plain strain option has been activated.
The model along with its mesh is illustrated in Figure 10 .
In order to derive the equivalent stiffness tensor of the homogeneous material at the macroscopic scale, three static analyses are required with the BCs listed in Table 3 . On the other hand, in order to determine the equivalent conductivity tensor, only two thermal analyses are performed by using the BCs listed in Table 4 . Finally, to evaluate the effective CTEs, only a single analysis is needed by using either the BCs of equation (10) or the PBCs of equation (12), for ME1 or ME2, respectively.
Numerical study
In this section, a sensitivity analysis of the effective thermomechanical properties of the cork-based agglomerate to the main material and geometrical parameters of the meso-structure has been carried out. In particular, the influence of (a) the material properties of the constitutive phases, (b) the matrix volume fraction, (c) the average size and (d) the geometric and material orientation of the cork particles on the macroscopic thermomechanical behaviour is investigated.
FE-model calibration
Before performing the sensitivity analysis in terms of both geometrical and material parameters of the agglomerate RVE, the effect of the mesh size on the cork-based composite macroscopic behaviour must be analysed. The FE-model calibration has been carried out on a realistic configuration of the agglomerate characterised by the properties listed in Table 5 .
The material properties of the constitutive phases of the agglomerate, i.e. natural cork and resin, are listed in Table 6 . This composition corresponds to a composite with a matrix volume fraction equal to 0.02 calculated using data in Tables 5 and 6 .
The sensitivity of the equivalent macroscopic behaviour of the cork-based composite to the mesh size has carried out on three different RVE sizes (10, 90 and 180 mm 2 ) where only the mesh density (i.e. number of elements per unit area) varies while the rest of the RVE parameters are kept constant. The convergence has been checked by analysing the numerical values of components Q xx , Q yy and Q ss of the stiffness matrix. For the sake of brevity, only the values of Q xx versus the mesh density for an RVE size of 10 mm 2 are illustrated in Figure 11 . The curves relative to the other two components Q yy and Q ss of the stiffness matrix lead to the same conclusions given by Figure 11 . The convergence of elastic properties is achieved for a value of the mesh density equal to 2779 mm
À2
. The second aim of the FE-model calibration phase is the identification of the smaller size of the RVE capable to properly represent the macroscopic behaviour of the composite material. Seventeen values of the RVE size have been analysed and for each one of them, 10 different meso-structures have been generated, using a mesh density equal to 2779 mm
. For these analyses, the matrix volume fraction has been kept equal to 0.02. The values Q xx , Q yy and Q ss of the stiffness matrix have been analysed by focusing on the standard deviation. Adopting a tolerance interval not greater than 1% for the standard deviation of each elastic property, the convergence has been achieved for an RVE size equal to 130 mm 2 . For the sake of brevity, only the values of Q xx and its standard deviation versus the RVE size are shown in Figure 12 . The same consideration can be repeated for the other components of the agglomerate stiffness tensor at the macroscopic scale.
Parametric analysis
Once the FE-model has been calibrated in terms of mesh density and RVE size, a parametric analysis can be performed in order to investigate the influence of the most relevant geometrical and material parameters of the RVE on the macroscopic thermal and mechanical properties of the cork-based composite. All the analyses have been carried out on RVE configurations characterised by a random geometric orientation and the random material frame orientation of cork particles.
A reference value has been chosen for each design variable and, for each parametric analysis, only one parameter at time is changed as listed in Table 7 .
The parameter C var is the standard deviation of the average value of all the particles of the RVE represented by circles of equivalent area.
In the first parametric analysis, the effect of matrix volume fraction on the macroscopic material properties of the composite has been evaluated. Numerical results 
Epoxy resin 1100 (kg/m have been compared to the analytical models of ReussVoigt and of Hashin-Shtrikman. Furthermore, the degree of elastic symmetry of the resulting composite has been evaluated according to the criterion presented in the study by Catapano and Jumel. 26 In the present work, the components of the stiffness matrix Q have been compared to determine the degree of elastic symmetry of the cork-based composite. In fact, for an isotropic material, the stiffness matrix Q in terms of homogenised Young's modulus and Poisson's ratio is
Therefore, for an isotropic material the ratios Q yy / Q xx and Q ss /((Q xx -Q xy )/2) are equal to one, while the ratios Q xs /Q xx and Q ys /Q xx are equal to zero. Assuming a tolerance interval of AE0.05, the corkbased composite exhibits a cubic behaviour in all numerical results related to the first parametric analysis, as shown in Figure 13 . Accordingly, the composite material is characterised, at the macroscopic scale, by three independent elastic constants. Indeed, in the case of cubic symmetry, the shear modulus does not depend upon the Young's modulus and the Poisson's ratio.
The Young's modulus and the shear modulus of the cork-based composites as function of the matrix volume fraction are shown in Figures 14 and 15 , respectively. Of course, since the matrix is stiffer than the cork, the greater the matrix volume fraction, the higher the stiffness of the agglomerate.
Equivalent elastic properties fall within RV-LB and RV-UB and of HS-LB and HS-UB. More precisely, the numerical results are closer to the lower bounds.
The equivalent Poisson's ratio falls within RV and HS bounds and it is closer to the upper bounds for high values of the matrix volume fraction, as shown in Figure 16 . The variation of the effective thermal conductivity coefficients versus the matrix volume fraction V m is presented in Figure 17 . Numerical results show that effective thermal conductivity increases when the matrix volume fraction increases. Also in this case, numerical results have been compared to analytical ones.
Finally, the variation of the composite CTEs versus the V m has been analysed. The results reported in Table 8 summarise the variation of the effective CTEs, evaluated by means of both the analytical models SC 46 and CH 48 and the numerical models ME1 and ME2, versus the matrix volume fraction. Both SC and CH models allow determining the longitudinal and transverse CTEs (i.e. a x and a y , respectively) of fibres-reinforced composites. The SC model considers an isotropic behaviour for both matrix and fibres, while the CH model takes into account the transversely isotropic behaviour of the fibre. Therefore, for the case of particle-based composites as cork-based agglomerates, the analytical results calculated with SC and CH models can be considered as bounds. The percentage difference (PD) between the CTEs obtained using ME1 and ME2 techniques is also reported in Table 8 . It can be noticed that the maximum PD between the results given by the two methods is equal to 2.55%. Moreover, concerning the trend of the CTEs, it can be observed that the greater V m , the lower a x and a y .
In the second parametric analysis, five configurations of the RVE with a different particle size variability C var have been analysed. The elastic constants of the composite are presented in Table 9 : in agreement with experimental tests presented in the study by Kim, 14 the greater the variability in the size of cork grains, the higher the stiffness of the agglomerate. Furthermore, as shown in Table 10 , also when varying the particle size variability, the cork-based composite exhibits a cubic behaviour. In particular, the cubic behaviour seems to be more pronounced when increasing the particle size variability.
Case study
To further prove the effectiveness of the proposed modelling strategy, numerical results are compared to the experimental ones presented in the study by Kim.
14
The cork-based composite tested in the study by Kim 14 is characterised by the composition given in Table 11 . In the study by Kim, 14 the author used square specimens and conducted a compressive test to determine the Young's modulus. An isotropic epoxy resin with E ¼ 2810 MPa and ¼ 0.39 has been used as matrix. The elastic properties of the natural cork used for these tests were not specified. Accordingly, data taken from the study by Gibson et al. 6 and detailed in Table 6 , regarding average values of the mechanical behaviour of cork have been used.
Firstly, the FE model has been calibrated: the convergence of elastic properties has been found for a mesh density of 2779 mm À2 and for an RVE size of 500 mm 2 . In order to verify the effect of the random geometric and material rotation of the particles on the model response, the effective elastic moduli have been evaluated for four different configurations of the FE model. Table 12 . Numerical results of the configuration characterised by a rotation of both geometrical and material frames of the particles are in very good agreement with the experimental ones. This result is a "numerical proof" of the importance of the new features implemented within the classic VT algorithm to model cork-based composites. Moreover, as it can be observed from Table 12 , also the Young's modulus evaluated in the second test case (i.e. when only the random geometric rotation of particles is activated) is close enough to the experimental value found in the study by Kim. 14 This phenomenon can be explained by looking at Figure 18 where a comparison between the Von Mises stress obtained for a uniaxial traction test along the x-direction of the RVE is given. In particular, Figure 18 (a) shows the Von Mises stresses obtained on the model corresponding to the third test case (i.e. where only random material frame orientation is active) while Figure 18(b) shows the Von Mises stresses generated in the model corresponding to the fourth test case. From Figure 18 (a) and (b), it can be observed that the stress field is mainly localised into the matrix and it is influenced by the arrangement of cork particles. Unlike the classical VT where particles have parallel sides and the "matrix path" is smooth, when a random geometric rotation of particles is activated, the matrix path between particles is "warped" due to the particle rotation and the stress flow is redistributed between matrix and particles. Since cork particles are less stiff than the matrix, the configuration with the random geometric rotation of particles shows a Young's modulus lower than that characterising a classical Voronoi's arrangement of particles.
Conclusions and perspectives
In this work, a general numerical model for determining the equivalent thermomechanical properties of cork-based agglomerates has been presented. This model is based, on the one hand, on a general numerical homogenisation scheme, and, on the other hand, on an enhanced version of the VT algorithm. Special attention has been put on the development of a numerical model of the RVE reproducing all the main features of the meso-structure of the composite: random orientation of particles and random orientation of the material frame of each particle as well. The effectiveness of the proposed modelling strategy has been proven through a large campaign of numerical tests and by means of a comparison with some experimental results taken from literature. In a first time, the calibration of the FE-model of the RVE is performed and then, a parametric homogenisation analysis is carried out. The numerical results highlight that the thermomechanical properties of the cork-based composite are affected, not only by the constitutive phases volume fraction but also by the variability of the particle size. Moreover, by analysing the components of the stiffness matrix of the homogenised material, it has been proven that the cork-based composite exhibits a cubic elastic symmetry at the macroscopic scale. Therefore, the shear stiffness modulus is independent from the Young's modulus and the Poisson's ratio. This result is in agreement with those presented in the study by Catapano and Jumel 26 which focuses on the analysis of the degree of symmetry of particlereinforced composites. Finally, the results provided by the proposed modelling strategy have been compared to experimental data taken from literature. Results show that, when a random rotation of both the particle and its material frame are taken into account, the numerical results are in excellent agreement with the experimental ones, thus proving the effectiveness of the enhanced version of the VT algorithm.
As far as perspectives of this work are concerned, research is ongoing, on the one hand, on the generalisation of the algorithm for generating a realistic mesostructure of the cork-based agglomerate to the 3D case and, on the other hand, on the integration into the modelling strategy of the following features: the variability of both geometric and material parameters of the RVE, the non-linear thermomechanical behaviour of the material, the influence on the overall macroscopic behaviour of the compression stress field into the particles due to the process (e.g. compression moulding) and the influence of imperfect interfaces between matrix and cork particles.
